A major challenge when exploring for hydrocarbons in frontier areas is a lack of data coverage. Data may be restricted to regional scale 2D seismic lines, from which assumptions of the 3D geometric configuration are drawn. Understanding the limitations and uncertainties when extrapolating 2D data into 3D space is crucial when assessing the requirements for acquiring additional data such as 3D seismic or exploration wells, and of assigning geologically reasonable uncertainty ranges.
INTRODUCTION
In a hydrocarbon exploration setting relay zones often define structural spill points, and can hence control the potential volume of hydrocarbon within a trap. Typically only sparse 2D seismic data is available during the exploration phase, leading to significant uncertainty in along-strike displacement variations and the locations of relay zones. This is in addition to other uncertainties inherent in seismic acquisition, such as migration and velocity uncertainties. Fault geometric uncertainty therefore potentially has significant implications for the volumetrics, and ultimately the economic viability, of a prospect.
The aim of this study is to use the fault and syn-rift stratigraphic geometries identified from integration of both new (Wood, 2013) and previously published Gawthorpe, 1991, 1995; McNeill et al., 2005 McNeill et al., , 2007 Bell et al., 2009 Bell et al., , 2011 field data from the onshore Gulf of Corinth rift ( Figure 1 ) as a case study to explore some of the fault related geometric uncertainties which may be encountered during hydrocarbon exploration where only limited data may be available. A number of F o r P e e r R e v i e w the potential implications for volumetrics and producibility of this geometric uncertainty are also examined. A series of 2D synthetic seismic sections have been generated across a 3D geological model constructed from field data. Comparison of the relatively well constrained mapped geometries with those geometries identifiable from the synthetic seismic sections allows the influence of uncertainty in along-strike displacement continuity to be explored.
Fault Geometric Uncertainty During Hydrocarbon Exploration
Faults influence hydrocarbon exploration in a number of ways, including through the formation of traps, influencing trap and seal integrity, and controlling subsidence and hence maturation history. In addition, faulting also controls and modifies syn-rift sediment distribution and stratigraphic architecture. During the exploration phase of hydrocarbon development, data are typically sparse, hence the magnitude of the influence of faults is often uncertain. Here, the Gulf of Corinth rift is used as an analogue for investigating reservoir volumetric uncertainties, firstly through trap geometry in the form of tilted footwall fault blocks and secondly through the distribution of syn-rift reservoir facies within hanging wall basins. In both instances, the extrapolation of 2D data into the third dimension is critical when estimating potential volumes and evaluating cross fault connectivity and likely producibility.
Tilted Fault Blocks and Volumetrics
A common trap geometry in extensional provinces is that of the tilted fault block (Struijk and Green, 1991; Yielding and Roberts, 1992; Dominguez, 2007) . During extensional faulting a combination of elastic (McKenzie, 1978; Barr, 1987; Jackson and McKenzie, 1988) and flexural (Kuznir et al., 1991 (Kuznir et al., , 1995 processes lead to reverse drag adjacent to normal faults. This drag takes the form of basin-forming subsidence in the hanging wall and uplift of the footwall (Yielding and Roberts, 1992) . The wavelength of the reverse drag is proportional to the elastic thickness of the crust with the relative amplitudes of footwall uplift and hanging wall subsidence controlled by loading of the hanging wall (Jackson and McKenzie, 1983) . A low density load, such as water, will allow greater footwall uplift, whilst a denser load, such as a syn-rift stratigraphy, will increase subsidence of the entire local lithosphere, including both the hanging wall and footwall. The relief generated by footwall uplift provides a trapping structure for buoyant hydrocarbons. Aside from the petrophysical properties of the reservoir (porosity, fluid saturation etc.), the volume of hydrocarbon which can be trapped depends on the interplay between along-strike displacement continuity and the thickness of the reservoir interval. This is often visualised using Allan diagrams and juxtaposition/triangle diagrams (Allan, 1989; Knipe, 1997) . Where displacement is less than reservoir F o r P e e r R e v i e w thickness, fluid can potentially flow across the fault into the adjacent fault block. Hydrocarbon column heights which can be supported by the fault are therefore dependent on both the fault geometry and the fault rock petrophysical properties (Yielding et al., 1997 (Yielding et al., , 2010 Fisher and Knipe, 1998; Sperrevik et al., 2002) . Conversely, where displacement is greater than reservoir thickness a juxtaposition seal can be formed between the adjacent fault blocks where units of contrasting permeability are juxtaposed and no shallower hanging wall units are in proximity. In this instance, the hydrocarbon column height is controlled by the structural spill point. The location of the structural spill point will generally be at displacement minima, such as relay zones, however the likelihood that a 2D seismic section will intersect a displacement minima is low. Therefore, being able to predict and account for along-strike displacement minima is critical in order to prevent trap volumetrics from being overestimated.
Syn-Rift Reservoir Facies Distribution
Faults can also control the distribution of reservoir facies within their hanging walls, both through sediment dispersal and basin entry points (Gupta et al., 1999) and the general sub-basin geometry (Dawers and Underhill, 2000; Cowie et al., 2000; McLeod et al., 2002) , as well as influencing reservoir quality and facies (Brehm, 2003; Fletcher, 2003) . Where only 2D seismic data is available, correlating the extent of syn-rift deposits between sparse sections is highly uncertain and can depend upon the evolution, linkage and growth of the fault system (Mortimer et al., 2007) .
Top Seal Integrity
In addition to unconstrained volumetric estimates, the uncertainty in hydrocarbon column heights leads to inexact predictions of pressure due to buoyancy within reservoir intervals.
Estimating the maximum column height within a fault-controlled trap depends on correctly identifying the crest of the trapping structure, as well as its spill points. If the geometry allows for a greater column height than is predicted from 2D seismic data, then the buoyancy pressure at the crest of the structure will be greater than anticipated. This may have major implications for trap integrity. A top seal can be breached in two main ways, firstly due to membrane leakage where the buoyancy pressure at the crest of the trap exceeds the capillary entry pressure of the top seal (Schwolater, 1979; Watts, 1987; Ingram and Urai., 1999) . Where a top seal has a very high capillary entry pressure, such as for low permeability shales, the second mechanism of breaching through the formation of hydraulic fractures may occur (Swarbrick et al., 2010; Zhang and Ghassemi., 2011) .
Hence, understanding potential uncertainty in trap crest and spill point location is important when extrapolating 2D into 3D. 
METHODOLOGY
The fault geometries and syn-rift stratigraphic architecture from the onshore Gulf of Corinth rift are well studied, with numerous publications focussing on mapping both the onshore outcrop pattern and offshore fault network (e.g. Collier and Gawthorpe, 1991 Gawthorpe, , 1995 McNeill et al., 2005 McNeill et al., , 2007 Bell et al., 2009 Bell et al., , 2011 . Here we focus on the onshore portion of the rift, since the addition of further mapping (Wood, 2013) better constrains the syn-rift outcrop pattern and fault network geometry when compared to the 2D seismic data used to map the offshore area. The anticedant drainage pattern cross-cutting the fault blocks provides numerous sub-parallel dip sections allowing well constrained fault geometries, sediment thicknesses and throw distributions to be mapped out. In addition, the recent timing of the rift (Pliocene to recent, Ford et al., 2012) means that erosion has been relatively limited. As a result, the crests of footwall blocks are largely intact, with their elevations being excellent proxies for the along strike variation in displacement. The combination of mapped fault traces, facies distributions and dip sections allows the 3D geometry of the area to be relatively well constrained. Nethertheless, areas of non-exposure still lead to some degree of uncertainty, notably in the west of the field area (figure 1).
Extrapolation of fault geometries into the subsurface using orientation data collected from exposed fault planes allows an approximation of the 3D fault network geometry to be captured and modelled within a geocellular grid (figure 2). The generation of synthetic seismic sections, at a spacing of 5 km, across this grid allows the geometries to be observed in the context of a hydrocarbon exploration scenario, where the limitations of sparse 2D data lead to significant geometric uncertainty.
The procedure for generating the synthetic seismic sections is a four-step process, similar to that used by Wood et al, (2015) . Initially the geocellular grid capturing the 3D fault geometries is translated from its physical elevation into the subsurface. The geometry of the mapped pre-rift and syn-rift zones are modelled, as well as an overlying zone of post-rift shale designed to represent a regional top seal. These zones are stochastically populated with mineralogical fractions using a sequential Gaussian distribution function. Upper and lower bounds for the pre-and syn-rift sequences broadly correspond to those observed in the field area, whilst the post-rift composition is a synthetic, shale dominated composition (table 1) capturing the properties of the overburden was constructed (figure 8). The overburden is representative of a regional shale, and is hence populated using the same methodology (sequential Gaussian simulation) and property bounds used to generate the synthetic post-rift interval. These properties are also exported to the seismic forward modelling software to be used in conjunction with a ray-tracing algorithm (Gjøystdal et al., 2007) .
The seg-y property cubes are imported into the seismic forward modelling software, where density values for the individual mineralogical and fluid components are assigned (Table 2 ) and used to calculate the overall density assuming a Reuss mixing model (Reuss, 1929) . The pore fluid pressure property is used to estimate the confining pressure and the effective pressure based upon a lithostatic gradient of 22.5 MPa/km. Gassmann's theory is then applied along with the fluid properties ( Table 2 ) and saturation distribution to determine the elastic properties of the model, with reflectivity subsequently calculated using the Zoeppritz equations (Zoeppritz, 1919; Gjøystdal et al., 2007) .
A 2D seismic survey with a design typical for exploration purposes (O'Dowd, pers. comm.) was constructed (Table 3) , with this geometry repeated to correspond to the position of each target section (figure 9).
The derived elastic and reflectivity properties are combined with the survey design, input wavelet, and background model (figure 8), to generate a series of synthetic 2D seismic sections (figure 10) using a ray-tracing algorithm (Gjøystdal et al., 2007) . These sections are then interpreted using standard seismic interpretation software, with faults, top pre-rift and top syn-rift surfaces being interpreted. The interpretation was carried out independently by a third party so as to minimise interpretation bias. The seismic interpretations for the seven 2D sections (figure 11) were extrapolated using a convergent interpolation algorithm in order to generate 3D surfaces for the faults, and the top pre-rift and syn-rift stratigraphic surfaces (figure 12). These surfaces allow the construction of a fault-horizon model analogous to those used during hydrocarbon exploration and prospect identification, risking and ranking. Comparison of the models constrained using 3D outcrop data and the model derived from synthetic seismic data, allows exploration scale geometric uncertainty to be quantified in a number of ways, for example by comparing fault-displacement profiles (figure 13). Displacement profiles represent total basement offset and are comparable to those observed by others (Roberts and Koukouvelas, 1996; McNeill et al., 2007; Bell et al., 2011) . For the outcrop geometries, where direct measurements are not available, the displacement is calculated by projecting the hanging wall dip slope towards its intersection with the fault plane. For the synthetic seismic derived model the values are derived directly from the model.
RESULTS

Syn-Rift Reservoir
To a large extent, fault geometries control the distribution, thickness and volume of syn-rift sediments within hanging wall basins. In the Gulf of Corinth rift, from which the synthetic seismic sections are generated, the volumetric majority of continental syn-rift deposits do not form a viable reservoir due to the high proportion of low net:gross overbank shale facies. Despite the basin-fill not being of a reservoir facies, geometrically the basins are very similar to many exploration provinces.
In such situations mapping the extent of the syn-rift facies would be crucial when generating volumetric estimates. Where only 2D seismic data exists, the 3D extent of a facies is significantly uncertain, with limited constraint on the location of fault displacement minima which often control facies distribution (Athmer and Luthi, 2011) . Field data offers a significant improvement over 2D data in this respect, although it is still limited by the level of outcrop exposure and difficulty of extrapolating geometries into the subsurface.
Connected Volume
Connectivity of reservoir facies in the hanging wall block of a fault set depends upon a balance between the evolutionary maturity of the fault set and the sediment input rate into the depocentre (Gawthorpe et al., 1994) . This balance is known as the accommodation to supply ratio (A:S), and controls whether a basin is underfilled or overfilled (Jervey, 1988) . Accommodation is controlled by subsidence on faults and sea level variations, whilst sediment supply is predominantly For the outcrop-based model, where syn-rift sediment distribution has been mapped in the field (Collier and Gawthorpe, 1991 Gawthorpe, , 1995 McNeill et al., 2005 McNeill et al., , 2007 Bell et al., 2009 Bell et al., , 2011 Wood, 2013) , connectivity is high between sub-basins, with a connected pore volume of 1.1x10 11 m 3 (assuming 10% porosity). In an exploration scenario where the syn-rift represents the target reservoir facies this would be advantageous. Interpretation of the sparse 2D synthetic seismic sections (which are generated using the outcrop-based geometry) leads to significant uncertainty in the distribution of the syn-rift facies, in this case leading to lower connectivity between sub-basins. Based on this interpretation three distinctly separate prospects exist with pore volumes of 4.7x10 9 m 3 , 4.6x10 10 m 3 and 5.4x10 10 m 3 .
Spill Point and Column Height
Uncertainty in syn-rift distribution, where only sparse data is available, also effects estimates of the depth of structural spill points, and hence of potential hydrocarbon column heights. The spacing of 2D data (in this case 5 km) means that it is unlikely that the structural spill point will be intersected and directly identified, but that it will be based upon lateral projection of the available data. Similarly, the depth of the crest of a structure will remain uncertain. Figures 16 and 17 show an example of this for the Dhemesticha sub-basin (see figure 1 ). For the field data based model, 3D
constraint on the geometry exists and permits the crest and spill point to be identified more accurately than with 2D data. In contrast, the spacing of the exploration scale 2D seismic data prevents the exact depths from being identified. For this example the result of this geometric uncertainty is a column height of 50% of the true value. 
Pore Fluid Pressure
Uncertainty in the column height leads to uncertainty in the pore fluid pressure within a prospect, with implications for trap integrity and well integrity during drilling. For the example of the Dhemesticha sub-basin ( figure 16, 18) , the difference in predicted column height leads to different estimates in pore fluid pressure due to buoyancy (figure 18). The smaller hydrocarbon column height predicted by the seismically resolvable geometry results in a lower pore fluid pressure than would actually be present (105 psi versus 210 psi), which is important for two reasons. Firstly, the pore fluid pressure within the prospect will be closer to the top seal fracture pressure, and its capillary entry pressure, than anticipated. Depending on how overpressured the reservoir stratigraphy has become during burial, the top seal may have failed, either through mechanical or capillary failure. Secondly, a greater pressure than anticipated would be encountered at a shallower depth during drilling. This may result in the well being underbalanced, allowing an influx of fluids into the well and a pressure 'kick'. For this example however, the differences in pressure between the seismically resolvable geometry and the actual geometry are relatively small, and may well be within standard, planned drilling tolerances (Redmann, 1991) .
Tilted Fault Block Reservoir
Many prospects are formed in the tilted footwall blocks of large faults due to the process of footwall uplift. The along-strike decrease in displacement combined with footwall uplift allows 3-way closure against the fault (figure 19). If displacement on the fault is greater than the thickness of the reservoir interval, and the reservoir interval is juxtaposed against an impermeable lithology, then a suitable hydrocarbon trap may exist. In the Gulf of Corinth rift, the footwall block to the Dhoumena fault is an excellent example of along-strike displacement variation, and hence an analogue to a tilted fault block hydrocarbon trap (figure 20) . Extrapolation between 2D lines may lead to significant uncertainty in the along-strike displacement geometry, and hence on the validity of interpreted closures.
Using the DEM and fault displacement data it is possible to calculate the theoretical spill points and crest for the Dhoumena fault block, for both the field-based and seismically forward modelled geometries. The spill points are defined as the maximum depth at which the fault block is isolated from adjacent structures (figure 21). The volumetrics, maximum potential column heights (figure 21) and pore fluid pressures (figure 22), can hence be calculated for both geometries. As with the synrift reservoir, complexity of the surface representing the top of the reservoir unit leads to a predicted would be present, leading to pore fluid pressure being underestimated (figure 22).
Fault Rock Supported Column Height
For a classic tilted fault block trap the fault provides the fourth direction of closure, typically by juxtaposing the permeable reservoir facies against an impermeable lithology, such as shale, in the hanging wall. The column height which can be supported is controlled by the structural spill point and the top seal integrity. In the situation where the juxtaposed lithology is not impermeable, then the column height which can be supported depends on the sealing capacity of the fault rocks (Yielding et al., 1997; Fisher and Knipe, 1998; Sperrevik et al., 2002; Bretan et al., 2003; Yielding, 2012) . This is a function of the fault rock capillary entry pressure and the buoyancy of the hydrocarbon column (Schowalter, 1979; Watts 1987; Fisher et al., 2001; Brown, 2003) . Where the buoyancy pressure is greater than the capillary entry pressure ('threshold pressure') hydrocarbon will be imbibed into the fault rock, and can migrate across the fault.
Column height estimation is often conducted by relating threshold pressure, and hence column height, to fault rock clay content, either through direct sample measurements (Sperrevik et al., 2002) or using the Shale Gouge Ratio (SGR) algorithm as a proxy (Bretan et al., 2003) . Neither approach is ideal given the inherent heterogeneity of geological systems, with a less deterministic, semi-probabilistic approach being preferred (Childs et al., 2007; Yielding, 2012) . Nevertheless, these approaches provide a good mechanism for illustrating the impact of seismic resolution related geometric uncertainty on fault seal prediction.
During reservoir modelling SGR values are determined by stratigraphic properties and fault displacement. Therefore, uncertainty in fault displacement distributions will lead to uncertainty in SGR calculations, and hence in predicted column heights. This is illustrated by comparing the predicted column heights for the Gulf of Corinth outcrop derived geometry and the seismically resolvable geometry. This is again conducted utilising the Dhoumena fault block as an example.
Since appropriate data from the field area are not available, a simple synthetic layercake stratigraphy (as may be available during hydrocarbon exploration) composed of interbedded shales and sands (figure 23) is used to populate the outcrop-defined, and seismically resolvable geometries.
SGR values are then calculated for the fault plane where the footwall block is juxtaposed against the hanging wall block (figure 24). The along-strike structural spill point (assuming no additional spill points within the footwall, e.g. figure 21 ) is also shown. A juxtaposition diagram approach (Allan, 1989; Knipe, 1997 ) is used to generate a fault plane map of the position of juxtaposition seals and figure 24) . A hydrocarbon density of 0.6 g/cm 3 is used to generate the column height that can be supported at every point along the fault, and is hence used in conjunction with the juxtaposition map to estimate the fault rock controlled column height.
The structural spill point for the outcrop-derived fault geometry is controlled by an area of decreased displacement corresponding to the position of a mapped relay zone. Unusually, the fault tip is at a higher elevation than the relay zone (figure 24), hence the relay zone actually increases the depth of the structural spill point in this instance. This leads to the outcrop-derived geometry having a greater column height than the seismically resolvable geometry (540 m versus 490 m), in the situation where the spill point is structurally controlled. However, when the fault rock properties are taken into account, the column height is significantly reduced for both geometries. The fault geometry influences the distribution of the stratigraphy against the fault, resulting in a juxtaposition seal being present at the crest of the structure for the seismically resolvable geometry. This increases the potential column height relative to the outcrop-derived geometry where no crestal juxtaposition seal is present. In this situation, the outcrop-derived geometry can support a smaller hydrocarbon column than the seismically resolvable geometry (110 m versus 190 m).
DISCUSSION
The aims of this study were to use geometries defined through field data collection to demonstrate some of the consequences of fault geometric uncertainty at the scale of hydrocarbon exploration.
This has been achieved by using seismic forward modelling to generate a series of synthetic 2D seismic sections across the onshore Gulf of Corinth rift. The uncertainty in the 3D fault geometry when only sparse 2D data is available is evident from the differences in the outcrop-defined, and seismically resolvable models (Figures 11, 12, 14, 15) . The uncertainty in fault, and associated syn-rift stratigraphic geometries, leads to uncertainty in volumetric estimates, structural spill points, pore fluid pressure and fault rock supported column heights. In an exploration environment, this would impact both the economic model and any planned appraisal programme.
The specific uncertainties presented herein are applicable to the local Gulf of Corinth geometry, and the petrophysical properties modelled within that geometrical framework. The Corinth rift is itself extremely heterogeneous, with uncertainties identified in one area not necessarily directly applicable to another locality within the rift. Although geometrical uncertainty exists in all situations where only a restricted amount of data is available, the consequences of that uncertainty are not necessarily consistent. For example, the seismically resolvable geometry shown here suggests that the syn-rift facies is relatively isolated between individual sub-basins, contrasting with the 'real' synrift geometry which shows high connectivity. However, there is nothing suggesting that syn-rift stratigraphy will always have higher connectivity than can be identified in seismic data, rather that it will depend on the specific geometry in question. Hence, the examples portrayed here are simply an example of the potential implications that may arise from exploration-scale structural uncertainty.
These uncertainties are relatively self-evident, with numerous published examples of how they relate to the sparse nature of 2D seismic data (e.g. Needham et al., 1996; Childs et al., 1997; Jolley et al., 2007) . A number of studies have utilised 2D seismic forward modelling to generate synthetic seismic across known geometries and facies distributions (Johansen et al., 1994; Hodgetts and Howell, 2000; Alaei and Petersen, 2007) however, few if any use the technique to illustrate the potential uncertainties pertinent to hydrocarbon exploration as described here.
Using the technique of seismic forward modelling to illustrate structural uncertainty is not without its own methodological uncertainties. For example, the observation that faults, formed at the topographic surface (as in Greece) and subsequently buried, would reduce in dip due to compaction of the surrounding stratigraphy. This is not reflected in the model since the outcrop geometries have simply been translated to depth, and hence neither do they say anything about the fault growth history. Although the model from which the synthetic seismic sections have been generated is relatively well constrained by outcrop data, it is still uncertain. This is however, largely irrelevant with respect of the qualitative (rather than quantitative) aims of this manuscript. It is the difference between the synthetic seismic data and the original model used to generate the seismic data that is important.
Other than the generalised uncertainties which have been discussed, a number of additional observations can be made that may be applied more broadly. Displacement profiles are broadly similar for the outcrop-derived and seismically-resolvable fault geometries (Figure 13 ), although the detail observed at outcrop is significantly greater than can be observed with 2D data. The extrapolation of faults between 2D sections inevitably leads to uncertainty, with structures such as relay zones often being unobserved. The location of fault tips and displacement maxima are also uncertain, resulting in inaccurate estimates of fault displacement: length ratios. In turn, this can impact on the understanding of how a basin evolved (Cowie et al., 2000; Paton and Underhill, 2004) .
The non-identification of displacement minima tends to lead to the smoothing of fault profiles, and the treatment of fault sets as individual faults, rather than as being composed of multiple segments.
This may have the effect of displacement:length ratios being underestimated in 2D seismic data. (Manzocchi et al., 2008) . However it is the assignment of a range of geologically plausible fault configurations during modelling, and the incorporation of these different geometries within uncertainty workflows, which is critical.
CONCLUSIONS
Synthetic seismic sections across known outcrop geometries highlight the uncertainties when basing a 3D geometric model on 2D data. Extrapolating structural geometries from 2D to 3D is inherently uncertain, with data points often unconsciously viewed as end-members (e.g. maximum/minimum throw values), rather than as discrete values located at an uncertain position within a range of possibilities. Consequently, the range of structural uncertainty is likely to be underestimated when evaluating plays and prospects from 2D data alone. Synthetic sections can provide a useful tool for understanding the potential impact of structural uncertainty in rift settings, with a number of implications highlighted herein;
• Widely spaced 2D sections are unlikely to correspond spatially to features such as displacement minima associated with relay zones. This leads to uncertainty when predicting spill points, structural crests and column heights, as well as identifying the location of sediment entry points into basins.
• The uncertainty in column height, as a result of poorly constrained structural geometry, leads to variations in pore pressure prediction, with implications for drilling strategies.
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